properties (i.e., localized to an area of -0.015 pm") of cultured rat atria1 myocytes. Quiescent cells in calcium-free solution were quite compressible over the nuclear region, e.g., a force of 3-4 nN produced 180-225 nm cell indentation.
Transverse stiffness of quiescent cells increased by -2-fold after an increase in extracellular calcium from 0 to 5 mM and by -16-fold after fixation with Formalin. There was five-to eightfold variation in stiffness of quiescent cells over the cell surface, such that stiffness was lowest over the nuclear region, and it increased toward the cell periphery. These regional variations correlated with the cytoskeletal heterogeneity as revealed by the AFM and fluorescence imaging. Localized contractile activity of beating cells could be monitored in terms of the surface deformation with high transverse spatial ( -1-3 nm) and temporal (60-100 ps) resolutions. Alterations in cell contractile activity with physiological perturbations and dynamic changes in cell stiffness during a single contraction could be observed. These results demonstrate the feasibility of AFM-based characterization of highly localized cellular micromechanical properties. Relationships among localized cell mechanical behavior and the underlying biochemical and/or structural environment, a crucial aspect in understanding cellular (dys)function, can now be directly examined. cardiac myocyte; transverse stiffness; contraction COORDINATED CHANGES in cellular biochemical processes and cytoskeletal structures are necessary for proper cell function. In contractile cells, intracellular ionic distribution and cytoskeletal organization determine force generation and transmission and cell shortening (2, 5) . In migrating cells, gradients of both intracellular ions and regional cell mechanical properties are important in determining cell migration (6, 7). Changes in local mechanical properties, secondary to continuous reorganization of cytoskeletal elements and adhesion molecules, are postulated to play a role in tissue development and growth (14,16). Recently developed techniques using fluorescent indicators and digital microscopy allow examination of spatial and temporal distributions of ions and macromolecules in a single living cell (4, 8). Although a close association between biochemical gradients and changes in local mechanical properties is postulated, current single-cell techniques measure properties averaged over the entire cell (5). The ability to measure micromechanical properties of a single cell with high spatial (submicron) and temporal (ks) resolution would open up the possibility of quantitatively relating the highly localized mechanical properties of a region of the cell to its similarly localized biochemical and structural properties.
The atomic force microscope (AFM) (3) has imaged surface topography with molecular resolution in a broad range of specimens, including biological macromolecules, cells, and subcellular organelles (14a, 15). In addition, AFM has been used recently to examine micromechanical properties of noncontractile biological samples such as bone, cartilage, Langmuir-Blodgett film, and cancer cells (15, 17, 19, 21) . Here we present a novel application of AFM for quantifying high-resolution localized micromechanical properties of both quiescent and beating contractile cells under a variety of experimental perturbations. Specifically, we report 1) the frequency dependence of micromechanical properties of quiescent cells under various experimental conditions, 2) the mechanical activity of individual contracting cells with high spatial and temporal resolutions, 3) dynamic changes in local cell stiffness during a single contraction, and 4) the topographic imaging of the structural elements underlying these dynamic processes.
METHODS
Adult rat atrial myocytes were isolated by collagenase digestion and cultured on laminin-coated glass coverslips for 7-9 days as previously described (13). The glass coverslips were mounted on an AFM sample holder with a small amount of silicon adhesive and then introduced into the AFM (NanoScope III; Digital Instruments, Santa Barbara, CA) fluid cell containing calcium-free Tyrode solution [(in mM) 140 NaCl, 5.4 KCl, 0.5 MgC12, and 5 N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid at pH 7.41. The fluid cell was used without the O-ring. A scanner with 13 x 13 pm range was used for experiments with cell mechanical properties. This scanner was modified to allow illumination from below, thereby increasing the cell image contrast when viewed through the light microscope from above.
The first set of mechanical measurements was obtained using the indentation protocol. With the scan size reduced to zero, the change in cantilever deflection (AD) around the set point (D,,J was monitored as the sample was moved vertically by controlling the piezo position (AZ) around its set point (Zset; see Fig. lA) . Analog 2 and D signals were digitized on-line at an BOO-Hz sampling rate using a personal computer-based C287 data acquisition system. Custom-built electronics were used to control the piezo 2 position, such that any desired pattern of motion around a prescribed set point could be implemented. For the indentation protocol, we used a low-frequency (0.5 Hz) triangular wave for AZ, with the magnitude adjusted to ensure that the zero deflection point was clearly identifiable.
Specifically, as the sample moved away from the cantilever, the cantilever disengaged from the test surface at some point, and the cantilever deflection signal became constant and independent of the 2 movement (see Fig. 1B ). During sample retraction, the tip typically remained attached to the sample beyond the zero deflection point, and the cantilever detachment from the glass surface was much sharper than that from the cell surface (see Fig. 1B ). The origin for the D-Z relationship (i.e., D zero7 Z,,r,,) was located using a two-step process: 1) the constant deflection value after the complete disengagement of the cantilever (i.e., the flat portion of the D-Z relationship in and glass surface in calcium-free Tyrode solution. Analog Z and D data were digitized on-line with the recording time and sampling rate adjusted for each frequency, such that at least six cycles were recorded with 50 points in each cycle.
In the presence of extracellular calcium, some of these cells began to beat spontaneously.
To examine the localized contractile activity of a beating cell, measurements of dynamic changes in cell conformation in the transverse direction (i.e., Z direction)
were made in the constant cantilever deflection mode, with the AFM cantilever positioned over the cell nucleus and scan size reduced to zero. Because the bottom surface of the cell was anchored to the glass coverslip, the global dimensions of the cell did not change significantly during a contraction. However, local deformation of the cell was still possible if one considers the cytoskeletal structure as the internal load against which the myofilaments contract. The cell deformation would vary over the cell surface, such that the center of the cell becomes thicker while the regions along the cell boundary get thinner as the cell contracts.
To track the height changes accurately, the proportional and integral gains of the feedback loop were set as high as possible without inducing oscillations. Localized contractile activity was measured under three experimental conditions: cell superfused with Tyrode solution containing (in mM) 1.8 calcium, 5 calcium, or 5 calcium with 2,3-butanedione monoxime (BDM, 4 mM). To examine the dynamic changes in localized cell stiffness during a single contraction, a high-frequency (200 Hz) sinusoidal perturbation of the piezo Z position was superimposed on the native contraction, and the total cantilever deflection (i.e., native + in response to imposed Z position perturbations) signal was recorded. From these data, the temporal changes in cell stiffness could be examined (see RESULTS AND DISCUSSION).
For correlative structural analysis, we obtained highresolution AFM images of live and fixed atria1 myocytes in calcium-free Tyrode solution. For this imaging, a larger scanner with 130 x 130 km range was used. Light-microscopic images of fluorescently labeled fixed atria1 cells were obtained after staining for F actin using phalloidin conjugated with a rhodamine tag. RESULTS 
AND DISCUSSION
Force-indentation relationships of quiescent cells. The cantilever deflection (D) piezo position (Z) relationship for the glass surface was linear with the slope close to one (Fig. 1B) . In contrast, this relationship over the nuclear region of the atria1 cell was curvilinear (Fig. 1B) , indicating significant cell indentation (AZ -AD). Consequently, the applied force (K,D)-indentation relation was also nonlinear (Fig. lB, inset) . The symbols in Fig.  1B correspond to the two set points of applied force (F,,,) used for subsequent sinusoidal perturbation analysis: F set = 3.9 nN (circle; dD/dZ = 0.09, indentation = 210 nm) or 6.6 nN (square; dD/dZ = 0.13, indentation = 268 nm). Typically (data from 5 cells), an applied force of 3-4 nN resulted in cell indentation of 180-225 nm and a force of 6-7 nN produced 260-275 nm indentation. Because the cantilever detachment from the cell was not as sharp as that from the glass surface, there could be some error in identifying D,,,, for the cell surface. Based on the shape of the measured D-Z relationship (Fig. 1B) , the error in D,,,, could not be more than *3 nm. This error would cause the absolute values of applied force and cell indentation to be shifted by at most * 1.1 nN and *3 nm, respectively.
The radius of the cantilever tip-cell surface contact circle was estimated to provide an index of the localization of the mechanical assessment. For a parabolic cantilever tip profile with the radius of curvature R, the applied force (F)-indentation (AH) relation and the radius (R,) of the tip-sample contact circle are given by (18)
where E is Young's modulus of the sample and p is Poisson's ratio. We fitted the measured force-indentation data (Fig. l& inset) 
MPa over the range of b = 0.5-O. Because of uncertainties associated with the cantilever tip geometry, absolute values of cell stiffness may vary. However, the relative changes measured using the same cantilever should be accurate.
Viscoelastic properties of quiescent cells. Figure 1C illustrates cantilever deflection data (AD) in response to sinusoidal perturbations of piezo position (AZ) around the set point marked by the square symbol in Fig. 1B (force = 6.6 nN, cell indentation = 268 nm, AZ amplitude = 9 nm, frequency = 50 Hz). Data were acquired over a range of frequencies (0.2-200 Hz). Occasionally, depending on the set point of applied force and perturbation amplitude, the cantilever perforated the cell surface. This would typically cause a rapid change in cell morphology, especially in the presence of extracellular calcium, and the mechanical data (stiffness spectra and force-indentation relationship) would not be repeatable. To ensure the stability of the preparation, we always performed a repeat measurement (solid symbols in Fig.  lo> at 1 Hz after measurements at all frequencies. Data where the repeat measurement was not within 5% of the first measurement were discarded. For 0 mM extracellular calcium, both the magnitude and phase of the transfer function AD/AZ increased with frequency (Fig. lII) , a result consistent with viscoelastic cell properties. A change in extracellular calcium to 5 mM or the addition of Formalin increased AD/AZ at every frequency (Fig. 10) .
Normalized magnitude (absolute elastic modulus) and phase (loss tangent) of the transverse cell stiffness were computed from AD/AZ data. Because the amplitude of the sinusoidal Z displacement signal was 9 nm, the maximum indentation response amplitude could be 9 nm. Given that the set point indentation was 268 nm, these indentation changes could be considered as a small signal perturbation and, therefore, one could linearize the applied force (F)-indentation (AH) relation around the set point (F,,,): F = Fset + (l/G> E*AH, where (l/G) is a geometric factor that is assumed to be constant for small signal perturbations and E* is the complex transverse stiffness of the sample. Using the mechanical analogue illustrated in After an increase in the extracellular calcium concentration (O-5 mM), the normalized absolute elastic modulus was higher at every frequency, indicating an increase in cell stiffness (Fig. 1E ). Cell fixation with Formalin resulted in the loss tangent values close to zero and a further increase of the normalized elastic modulus that was frequency independent, i.e., predominantly an elastic behavior (Fig. 1E) . In relative terms, cell stiffness at low frequencies (0.2 Hz) increased by -2-fold after the change in extracellular calcium from 0 to 5 mM (n = 4) and by -16-fold after cell fixation with Formalin (n = 5). These mechanical measurements are attributable to a region with a radius of -75 nm (see the calculation of contact area above). Measurements at several locations over the cell surface revealed a five-to eightfold variation in cell stiffness, such that cell stiffness was lowest over the nucleus and increased toward the periphery. It should be noted that any error in identifying D,,,,, as discussed earlier, only affects the absolute position of the D-Z relationship; all conclusions based on the relative changes in the local slope (AD/AZ) around a given set point are unaffected.
Localized contractile activity. Localized cell contractile activity (i.e., changes in cell height with active contraction) is illustrated in Fig. 2 . With 1.8 mM extracellular calcium, the spontaneous contraction frequency and amplitude were 0.197 t 0.059 (SD) Hz and 519 t 133 nm, respectively, with each contraction lasting for -0.6 s ( Fig. 2A) 2B ). After the addition of a negative inotropic agent BDM (4 mM) (9) to the high-calcium buffer solution, both the amplitude (85 t 23 nm, P < 0.0001) and frequency (0.578 t 0.181 Hz, P < 0.0001) of contraction reduced significantly (Fig. 2C) . Baseline conditions could be restored after a washout with Tyrode solution containing 1.8 mM calcium. Similar observations were made in five separate experiments. Spatial resolution for cell deformation in the Z direction, estimated as the rootmean-squared noise during the noncontracting regions of data (Fig. 2) , was l-3 nm. The temporal resolution for these measurements was 60-100 ks. It should be noted that our index of localized cell contractile activity would depend on 1) the strength of the cell contraction, 2) the mechanical properties of the cyctoskeletal structure, and 3) the mechanical properties of the cell membrane and its coupling to the cytoskeleton. Localized cell stiffness during a single contraction. High-frequency (200 Hz) sinusoidal perturbations of piezo Z position enabled us to examine changes in cell stiffness during a single contraction (Fig. 3) . The transfer function, AD/AZ, increased in synchrony with the cell contractile activity, indicating a dynamic increase in cell stiffness with contraction. Such an increase in cell stiffness is consistent with cross-bridge (actin-myosin) formation and force generation during a contraction. Our observation that the increase in AD/AZ with contraction is related to the cell contractile activity is supported by previous data from isolated cardiac tissue (10). studies have shown that the transverse stiffness, obtained using the indentation technique, is related to the in-plane stress. Furthermore, this relationship is a function of the activation level, such that the transverse stiffness at a given in-plane stress is significantly higher for an actively contracting tissue compared with that for a quiescent or passive state. The passive value of AD/AZ (i.e., the value just before the contraction began in Fig.  30 ) was N 0.43, a number similar to that for a quiescent cell ( Fig. 1D ; 5 mM calcium and 200 Hz). It is interesting to note that the peak magnitude of AD/AZ during an active contraction ( N 0.70) was comparable with the magnitude of a Formalin-fixed quiescent cell (Fig. 1D) . Because the cantilever deflection changed over the contraction cycle, the applied force increased as the cell contracted. From the deflection data in Fig. 3B , it can be deduced that the applied force changed during a contraction by N 25 nN (KC = 0.38 nN/nm). The initial set point for applied force was 6 nN. In several quiescent cells with 5 mM calcium, the magnitude of AD/AZ at 200 Hz increased from N 0.39 to 0.51 as the applied force was increased from 5 to 35 nN. In contrast, the peak AD/AZ obtained in the beating cell was N 0.7 (Fig. 30) . Thus all of the increase in the magnitude of AD/AZ cannot be attributed to the changes in applied force (i.e., passive effects).
Localized mechanical properties and underlying cytoskeletal structure. AFM images of the living cells showed the following common features: a central region with nuclei (usually 1 or 2) and long processes extending out to the periphery and, at times, making contact with neighboring cells. The cytoskeletal network was clearly visible beneath the membrane, which was aligned roughly parallel to the edges of the cell (Fig. 4A) . Figure  4A , inset, shows an off-line zoom of what we believe to be a myofibril, exhibiting a striated structure with a repeat pattern of N 2 km. The cytoskeleton was more prominent near cell boundaries compared with the area surrounding the nucleus. The observation that cell stiffness was lowest at the nucleus and increased toward the cell boundary is in keeping with this cytoskeletal distribution.
In contrast to live cell images, the cytoskeleton in the fixed cell image (Fig. 4B ) was more prominent and well defined, probably due to an increase in the rigidity of the cytoskeleton resulting from the fixative. Our observations regarding the cytoskeleton obtained Fig. 4 
